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Introduction {#sec001}
============

Lung cancer is one of the leading causes of cancer mortality worldwide, and it is estimated that 159,480 lung cancer patients will die in the United States in 2013 \[[@pone.0122628.ref001]\]. Approximately 25% of lung adenocarcinomas, a dominant form of lung cancer harbor oncogenic *KRAS* mutations, and this poses a significant therapeutic challenge, as *KRAS* mutations are generally associated with poor prognosis and resistance to chemotherapy \[[@pone.0122628.ref002], [@pone.0122628.ref003]\]. Direct pharmacologic targeting of activated KRAS mutant protein has been unsuccessful so far, thus, alternative approaches to block KRAS activation signaling pathway are being considered. Notably, mutant KRAS drives activation of cyclic-AMP response element-binding (CREB) through RAF/MEK/ERK signaling pathway to force cancer cell growth and survival. Thus, one option to inhibit growth of KRAS mutant tumors may be to target transcription factors (e.g. CREB), which are often the final regulator of multiple signaling processes, and could potentially be targeted regardless of alterations of upstream signaling components involved in cancer development, progression and invasion/metastasis.

CREB is a critical transcription factor involved in normal homeostasis \[[@pone.0122628.ref004]--[@pone.0122628.ref006]\], metabolism \[[@pone.0122628.ref007]\], memory/learning \[[@pone.0122628.ref008]\], several cancers \[[@pone.0122628.ref009]--[@pone.0122628.ref012]\] and immune diseases \[[@pone.0122628.ref013]\]. Our previous studies showed that CREB is highly upregulated and hyperphosphorylated in most of the non-small cell lung cancer (NSCLC) tumor specimens and that this upregulation is significantly associated with poor survival rates \[[@pone.0122628.ref010]--[@pone.0122628.ref012]\]. CREB is phosphorylated at serine/threonine residues depending upon the stimuli from extracellular components and several upstream kinases. Activated/phosphorylated CREB recruits its transcription co-activator, CREB-binding protein (CBP) to a cAMP response element (CRE) region of target genes \[[@pone.0122628.ref014]\]. This recruitment of CBP is a critical step for the transcriptional activation of CREB \[[@pone.0122628.ref015]\]. Therefore, blocking the interaction between CREB-CBP could be an approach to inhibit CREB transcriptional activity. In fact, identification of small molecule inhibitors interfering with the formation of the CREB-CBP complex through targeting the KID and KIX domains of CREB and CBP, respectively, has been reported using an NMR screening approach \[[@pone.0122628.ref016]\]. In addition, we previously showed that one of these inhibitors, 2-Naphthol-AS-E phosphate (KG-501), which directly targets the KIX domain of CBP, resulted in a disrupted CREB-CBP complex, inhibited CREB-target gene induction, and inhibited IL-1β-mediated angiogenic activity in NSCLC \[[@pone.0122628.ref010]\].

With the aim of improving therapeutic attempts for lung cancer harboring KRAS mutant, we found a multi-functional transcription factor inhibitor named Naphthol AS-TR phosphate (NASTRp), targeting the CREB-CBP complex, as a potent anti-cancer agent for lung cancer. Collectively, NASTRp showed clear efficacy in multiple biological assays and could and will be a potential therapeutic approach for human cancers, especially for lung cancer.

Materials and Methods {#sec002}
=====================

Cell culture {#sec003}
------------

Human lung cancer cell lines, A549, NCI-H1734, NCI-H1792, NCI-H441, NCI-H23, NCI-H1975 and NCI-H520 cells were obtained from the American Type Culture Collection (ATCC, Manassas, VA, USA). Normal human tracheobronchial epithelial (NHTBE) cells were obtained from the Lonza (Walkersville, MD, USA). Cell lines were passaged for less than 6 months following resuscitation and were not authenticated. All cancer cell lines were maintained under 5% CO~2~ at 37°C in RPMI-1640 medium (Life Technologies, Carlsbad, CA, USA) supplemented with 10% heat-inactivated fetal bovine serum (FBS, Sigma-Aldrich, St. Louis, MO, USA) and 1% Antibotic-Antimycotic (Anti-Anti, Life Technologies). NHTBE cells were cultured in BEBM supplemented with growth factors and hormones provided by manufactory (Lonza), and three-demensional organotypic air-liquid interface (ALI) cell culture method was utilized for NHTBE cell culture, as described previously \[[@pone.0122628.ref005], [@pone.0122628.ref017]--[@pone.0122628.ref019]\]. HEK293T cells were maintained in DMEM medium supplemented with 10% FBS and 1% Anti-Anti.

Proliferation, colony formation and soft agar assays {#sec004}
----------------------------------------------------

Cells were seeded in 96 well plates at 2×10^3^ cells/well with RPMI-1640 medium supplemented with 5% heat-inactivated FBS and without Anti-Anti. Cells were treated with Naphthol AS-TR phosphate disodium salts (NASTRp, Sigma-Aldrich, N6125) as 0--80 μmol/L for 96 hours. Cell proliferation was measured with MTT or CellTiter Glo luminescent cell viability assay (Promega, Madison, WI, USA). Cell viability of vehicle-treated cells was set to 100% of proliferation. For colony formation assay, cells were seeded in 6 well plates at 1×10^3^ cells/well. Cells were treated with NASTRp as 0, 5, 10, and 20 μmol/L and were changed with fresh media containing NASTRp every other day for 10--17 days at which point 0.1% (wt/vol) crystal violet (Thermo Scientific, NJ, USA) was used to visualize colonies. Soft agar assay was performed as described previously \[[@pone.0122628.ref012]\]. Briefly, colonies were stained with p-iodonitrotetrazolium violet (Sigma-Aldrich) to select alive colonies and then, stained colonies were counted using Image J software (NIH, USA). A colony was defined as anything containing more than 10 cells, as indicated \>50 pixels in Image J.

Quantitative reverse transcription-PCR {#sec005}
--------------------------------------

qRT-PCR analysis was performed as described previously \[[@pone.0122628.ref011]\]. In brief, Total RNA was purified from cells using RNeasy Mini Kit (Qiagen, Valencia, CA, USA). Reverse transcription of total RNA was performed using the MMLV reverse transcriptase (Promega). Quantitative PCR was performed using SYBR Green PCR Core Reagents (Applied Biosystem, Life Technologies). All primers were purchased from Keck (New Haven, CT, USA). All reactions were performed in triplicate and ribosomal protein L32 cDNA levels were used as an endogenous control. The primer sequences used in qRT-PCR were as follows: Cyclin A2; forward; 5'-CCAAGAGGACCAGGAGAATA-3', reverse; 5'-CGGTGACATGCTCATCATT-3', Cyclin B1; forward; 5'-AGTCACCAGGAACTC GAAAA-3', reverse; 5'-GTTACCAATGTCCCCAAGAG-3', Cyclin D1; forward; 5'-CTTC AAATGTGTGCAGAAGG-3', reverse; 5'-AGCGGTCCAGGTAGTTCAT-3'; Cyclin E2; forward; 5'-AGAGAGGAGGTCACCAAGAAA-3', reverse; 5'-CAGGCAAAGGTGAAGGAT TA-3', GRP78; forward; 5'-CACAGTGGTGCCTACCAAGA-3', reverse; 5'- TGTCTTTTGTC AGGGGTCTTT-3', CHOP; forward; 5'-AGCCAAAATCAGAGCTGGAA-3', reverse; 5'-TGG ATCAGTCTGGAAAAGCA-3', IRE1; forward; 5'-CTCTGTCCGTACCGCCC-3', reverse; 5'- GAAGCGTCACTGTGCTGGT-3', PERK; forward; 5'-TCATCCAGCCTTAGCAAACC-3', reverse; 5'-ATGCTTTCACGGTCTTGGTC-3', ATF6; forward; 5'-GCAGAAGGGGAGACAC ATTT-3', reverse; 5'-TTGACATTTTTGGTCTTGTGG-3', XBP1; forward; 5'-CGAATGAG TGAGCTGGAACA-3', reverse; 5'-GGCCATGAGTTTTCTCTCGT-3', L32; forward; 5'-CAC CAGTCAGACCGATATGT-3', reverse; 5'-ACGTTGTGGACC AGGAACT-3'. The real-time PCR data analysis was performed using the comparative threshold cycle (Ct) method by iCycler thermal cycler analyzer program (Bio-Rad, Hercules, CA, USA).

Database preparation, searching and molecular docking modeling {#sec006}
--------------------------------------------------------------

All modeling calculations were conducted on a four-processor MIPS R16000 Silicon Graphics Tezro running Sybyl 7.1 modeling suite. The structural databases containing over 600,000 structures that consist of available compounds from nearly 50 commercial vendors of chemical databases \[[@pone.0122628.ref020]\]. Compound libraries were received in the SDF file format \[[@pone.0122628.ref021]\] and a two dimensional similarity search was run on each database utilizing the DB search command. The resultant hit lists were combined together into a common hit list of three dimensional (3D) SLNs. The DBslnfilter was used to filter out structures containing the following properties: mixtures, metals, isotopes, no 3D coordinates, MW\<100, or MW\>500. The hit list manager was applied to eliminate all compounds except those containing carboxylates, phosphates and sulfonamides. KIX domain coordinates were obtained by averaging the NMR structures of KIX domain (PDB ID: IKDX). KIX and NASTRp coordinate was generated using phenix.elbow \[[@pone.0122628.ref022]\]. Docking calculations were performed by using HEX 6.3 \[[@pone.0122628.ref023]\]. The correlation type used in docking is \"Shape+Electrostatistics\". The compound similarity screening was performed by using PubChem Compounds.

Flow cytometric analysis and apoptosis assay {#sec007}
--------------------------------------------

Flow cytometry and TUNEL assays were performed as described previously \[[@pone.0122628.ref012]\]. NCI-H441 human lung adenocarcinoma cells were treated with NASTRp followed staining with PI/RNase staining buffer (BD Biosciences, San Jose, CA, USA). Cell cycle distribution was analyzed by BD LSRII Flow cytometer (BD Biosciences) and FlowJo software (Treestar, Ashland, OR, USA). For TUNEL assay, A549 human lung adenocarcinoma cells were treated with NASTRp for 48 hours and followed staining with ApopTag Fluorescein Direct In Situ Apoptosis Detection Kit (EMD Millipore, Billerica, MA, USA) according to the manufacturer's instructions.

Immunobloting, co-immunoprecipitation and Immunofluorescence assays {#sec008}
-------------------------------------------------------------------

Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) and western blotting were performed to analyze the expression of various proteins. Cell lysates were lysed by RIPA lysis buffer (10 mM Tris-HCl, pH8.0, 150 mM NaCl, 5 mM EDTA, pH8.0, 0.1% SDS, 1% Sodium deoxycholate, 1% NP-40) supplemented with Complete EDTA-free protease and phosphatase inhibitors cocktails (Roche, South San Francisco, CA, USA) and subjected to immunoblotting using various antibodies. The following antibodies were used: anti-Cyclin A2 (\#4656), anti-cyclin B1 (\#4138), anti-cyclin E2 (\#4132), anti-LC3B (\#3868), anti-ATG7 (\#8558), anti-ATG5 (\#12994), anti-GRP78/Bip (\#3177), anti-Caspase 3 (\#9665), anti-cleaved Caspase 3 (\#9579), anti-Phospho-CREB (S133; \#9198) and anti-Bim (\#2933) from Cell Signaling Technology, anti-Cyclin D1 from Epitomics (\#2261--1, Burlingame, CA, USA), anti-p62/SQSTM1 from America Research Products (03-GP62-C, Waltham, MA, USA), anti-CHOP from Novus Biologicals (NBP2-13172, Littleton, CO, USA), anti-β-actin and anti-FLAG from Sigma-Aldrich (A2228). For co-immunoprecipiation assay, HEK293T cells were co-transfected with pcDNA3-HA-KIX (CBP; amino acids 586--666) and pcDNA3-Myc-KID (CREB; amino acids 87--146 from transcript variant A) using Lipofectamine 2000 (Life Technologies). 48 hours after transfection, cells were pre-treated with NASTRp for 3 hours following 10 μM forskolin (Sigma-Aldrich) administration for additional 1 hour. Cell lysates were prepared with IP buffer (50 mM Tris-HCl, pH7.4, 150 mM NaCl, 1 mM EDTA, pH8.0, 1 mM EGTA, 1 mM DTT, 10% glycerol, 0.5% NP-40, 0.5% Triton X-100) supplemented with Complete EDTA-free protease and phosphatase inhibitors cocktails. Pre-cleaned lysates were subjected to immunoprecipitation using anti-HA mouse monoclonal antibody (MMS-101P, Covance, Princeton, NJ, USA) with conjugated protein A/G PLUS-agarose (sc-2003, Santa Cruz Biotechnology, Dallas, TX, USA). Using Flag-CREB1 stably expressing 293T cells, these stable cells were transfected with pcDNA3-HA-KIX, followed treatments of forskolin or NASTRp as described above. Immune complexes by pull-down with anti-Phospho-CREB antibody were subjected to SDS-PAGE and western blot. For immunofluorescence assay, A549 human lung adenocarcinoma cell lines were treated with the indicated concentrations for 24 hours and followed fixation with 4% paraformaldehyde in PBS for 10 min at room temperature. Fixed cells were permeabilized with 50 mg/ml digitonin in PBS (D141, Sigma-Aldrich) for additional 10 min. Blocked cells with 3% bovine serum albumin (BSA, A9647, Sigma-Aldrich) were probed with primary antibodies and followed conjugation with Alexa Fluor 488 and 568 donkey anti-Rabbit IgG antibodies (Life Technologies), for p62/SQSTM1 and CHOP, respectively. Stained cells were mounted with Prolong Gold Antifade Reagent with DAPI (Life Technologies) and followed observation under fluorescence microscope (Olympus America Co., Center Valley, PA, USA).

Kaplan-Meier Plotting analysis {#sec009}
------------------------------

To analyze the correlation between patient survival in lung adenocarcinoma and the expressions of autophagy protein, such as ATG7 (Affymetrix ID: 218670_s\_at), ATG5 (210639_s\_at) or p62/SQSTM1 (201471_s\_at), we adopted the databases results from Kaplan-Meier Plotter (<http://www.kmplot.com>)\[[@pone.0122628.ref024]\] with the criteria; (1) overall survival (OS), (2) split patients by median, (3) follow up threshold as 9, (4) Histology as adenocarcinoma, (5) Cox regression as uni-variate and (6) array quality control as excluded biased arrays.

Statistical Analyses {#sec010}
--------------------

Each experiment was repeated at least three independent times. For generation of graphs and statistical analyses, Graph Pad Prism software (v.6) was used. *P* values between groups were determined by a two-tails unpaired Student *t* tests.

Results {#sec011}
=======

Identification of naphthol analogs as CREB-CBP transcription factor/co-activator complex inhibitors {#sec012}
---------------------------------------------------------------------------------------------------

We previously demonstrated that CREB is a critical transcription factor in development of lung cancer through its involvement in cell survival, cell cycle progression, proliferation and apoptosis regulation \[[@pone.0122628.ref005], [@pone.0122628.ref006], [@pone.0122628.ref010]--[@pone.0122628.ref012]\]. We first proposed that CREB could be a molecular target for the prevention and treatment of NSCLC \[[@pone.0122628.ref011]\]. In fact, we demonstrated that CREB regulates IL-1β-regulated CXC chemokines, critical for cell migration and angiogenesis in NSCLC using KG-501 \[[@pone.0122628.ref010]\]. Thus, these studies lead to the rationale for identification of small molecule inhibitors targeting CREB transcriptional activity described in this study. To identify better compounds, we initially selected a total of 4,547 compounds, which consisted of a two-dimensional similarity cutoff of 80% using the KG-501 structure as a query. Since the phosphate in the KG-501 structure was considered to be an important element, at lease a part, for its solubility, the selection was then further refined to ensure the compounds contained groups considered to be equivalent to the phosphate and this resulted in a 67 candidate compounds. Of these, we identified 6 compounds of naphthol analogs that have anti-cancer effects, as shown [Fig 1A](#pone.0122628.g001){ref-type="fig"}.

![Identification of Naphthol AS-TR phosphate (NASTRp), as an anti-tumor reagent.\
**(A)** Chemical structures of s_elected naphthol analogs. **(B)** Inhibitory effect of naphthol analogs on cell growth in NCI-H1734 lung adenocarcinoma cell line. Cell viability at 96 hours after treatments was measured by MTT assay with absorbance at 590 nm. The experiments were triplicated and repeated at least three times.](pone.0122628.g001){#pone.0122628.g001}

To determine whether candidate compounds have anti-cancer effect, the human lung adenocarcinoma cell line, NCI-H1734, was exposed to various concentrations of the 6 selected compounds. All compounds showed inhibitory effect on cell proliferation as indicated by IC50s ([Fig 1B](#pone.0122628.g001){ref-type="fig"}). Of these, NASTRp was the most potent compound in these proliferation assays as shown: IC50 = 3.701 μmol/L.

We next conducted the docking simulation and calculation using NASTRp and KIX domain of CBP as ligand and receptor, respectively. The result show that NASTRp is close to Arg-600 of the KIX domain of CBP, a critical residue for the CREB-CBP interaction, consistent with KG-501 ([S1A Fig](#pone.0122628.s001){ref-type="supplementary-material"}; ref. \[[@pone.0122628.ref017]\]). We further observed that NASTRp completely abolished not only the interaction between KIX and KID in co-transfected HEK293T cells but also the interaction between phosphorylated full-length CREB and KIX in Flag-tagged CREB stably expressing 293T cellsby co-immunoprecipitation assays ([S1B and S1C Fig](#pone.0122628.s001){ref-type="supplementary-material"}). Therefore, NASTRp was selected and investigated in further biological assays described in this paper.

Anti-cancer effects of NASTRp in human lung cancer cell lines {#sec013}
-------------------------------------------------------------

To determine the anti-cancer effiect of NASTRp, several lung cancer cell lines were selected for cell proliferation assay. Initially we chose cells harboring *KRAS* mutations; A549 (KRAS-G12S), NCI-H1792 (KRAS-G12C), NCI-H441 (KRAS-G12V), and NCI-H1734 (KRAS-G13C). To determine the inhibitory effect on cell proliferation, each cell line was exposed to various doses of NASTRp. Consistent with the anti-proliferative effect of NASTRp in NCI-H1734 cells, as shown in [Fig 2A](#pone.0122628.g002){ref-type="fig"}, NASTRp dramatically suppressed cell proliferation in all of the lung cancer cell lines with *KRAS* mutations we tested (IC50 = A549, 3.574 μM; NCI-H1792, 11.769 μM; NCI-H441, 11.074 μM; NCI-H1734, 4.025 μM). Given the potent inhibitory effect on cell proliferation of NASTRp, we extended lung cancer cells to lung cancer cell lines harboring *EGFR* mutations, NCI-H1975 (EGFR-L858R/T790M) and a squamous cell carcinoma with highly expressing FGFR and CREB, NCI-H520 (IC50 = NCI-H1975, 8.891 μM; NCI-H520, 4.363 μM; ref. \[[@pone.0122628.ref011]\]). We also observed that NASTRp significantly inhibited cell growth in low serum contained condition during the treatment ([S2 Fig](#pone.0122628.s002){ref-type="supplementary-material"}). We found that NASTRp showed significant anti-proliferative effect on theses lung cancer cell lines regardless of its genetic mutation status.

![NASTRp inhibits cell proliferation, colony formation and anchorage independent cell growth in human lung cancer cell lines.\
**(A)** Inhibitory effect of NASTRp on cell proliferation in human lung cancer cell lines. A549, NCI-H1792, NCI-H441, NCI-H1734, NCI-H1975 and NCI-H520 cell lines were treated with various concentrations of NASTRp in RPMI media supplemented with 5% FBS for 96 hours. Cell proliferation was assessed by CellTiter Glo assay as described in METHODS. **(B)** Low density colony formation assay with NASTRp treatment. Cells were plated as single-cell cultures and treated with various concentrations of NASTRp allowed to culture until large colonies were visible. Colonies were stained with crystal violet and photographed to count. **(C)** Suppression of Anchorage independent growth by NASTRp. Cells were plated with low density of agarose (0.4%) containing various concentrations of NASTRp. NCI-H1734 cells were shown as representative images of soft agar assay. Data are presented as the mean ± SD of triplicate wells. \**P* \< 0.05 versus vehicle.](pone.0122628.g002){#pone.0122628.g002}

Next, we characterized whether NASTRp affects colony formation and anchorage independent cell growth. Consistent with the inhibitory effect of NASTRp on cell proliferation, colony numbers of all the lung cancer cells were dramatically decreased by NASTRp treatment in anchorage-dependent and independent cell growth ([Fig 2B and 2C](#pone.0122628.g002){ref-type="fig"}, [S3 Fig](#pone.0122628.s003){ref-type="supplementary-material"}). To determine whether the anti-cancer effect of NASTRp is specific to lung cancer, we conducted similar cell proliferation and colony formation assays in pancreatic and breast cancer cells. We observed the inhibitory effects of NASTRp on cell proliferation and colony formation in pancreatic cancer cells (PANC-1, AsPC-1 and SU.86.86.) and breast cancer cells (MCF-7, MDA-MB-231 and SKBR3) as well ([S4 Fig](#pone.0122628.s004){ref-type="supplementary-material"}). Thus, these results suggest that NASTRp inhibits cell proliferation, colony formation, and anchorage-independent growth in human cancer cells, including at least, lung, pancreatic, and breast cancer cell lines.

Induction of cell cycle arrest through down-regulation of cyclins by NASTRp {#sec014}
---------------------------------------------------------------------------

It has been shown that CREB regulates cell cycle progression through up-regulation of cyclin proteins including cyclin D1 and cyclin A2, which contain CRE elements in their promoter regions \[[@pone.0122628.ref025], [@pone.0122628.ref026]\]. We also confirmed that the cyclins contain CRE elements in their promoters by sequence-based analysis using public databases (e.g. BioBase or TESS). As shown in [Fig 3A](#pone.0122628.g003){ref-type="fig"}, cyclin A2, B1, D1, and E2 contain putative CRE regions in their promoters. To determine whether a CREB inhibitor, NASTRp indeed downregulates cyclines, we examined the expression levels of cell cycle-related cyclins under NASTRp treatment by qRT-PCR and western blot assays. As shown [Fig 3B and 3C](#pone.0122628.g003){ref-type="fig"}, NASTRp dramatically down-regulated the expressions of cyclins including cyclin A2, B1, D1 and E2 at the mRNA and protein levels. Moreover, NASTRp reduced population of cells in S-phase cell cycle and led to cell cycle arrest at G1 and G2 phases in NCI-H441 cells ([Fig 3D](#pone.0122628.g003){ref-type="fig"}). These data indicate that NASTRp suppresses NSCLC cell proliferation, at least in part, through down-regulation of key regulators of cell cycle, cyclins.

![Down-regulation of Cyclins by NASTRp causes cell cycle arrest.\
**(A)** CRE in the promoters of the cyclin genes. Sequence analysis of the promoters of the genes indicated the potential binding sites for CREB-CBP. **(B and C)** Effect of NASTRp of the expression of cyclins in RNA (**B**, qRT-PCR) and protein (**C**, Western blot) in A549 (left), NCI-H1792 (middle) and NCI-H441 (right). Vehicle control is set to 1 in qRT-PCR assay. For qRT-PCR data are represented as the mean ± SD of three independent experiments performed in triplicate. \**P* \< 0.05 versus vehicle. **(D)** NCI-H441 cells were treated with 10 μM NASTRp for 24 hours and cell cycle distribution was determined by propidium iodide staining followed by FACS analysis.](pone.0122628.g003){#pone.0122628.g003}

Suppression of autophagy and induction of ER stress and cell death by NASTRp {#sec015}
----------------------------------------------------------------------------

Interestingly, we observed several vacuole-like structures in the cytosol of NASTRp-treated cells. We then hypothesized that NASTRp might suppress cytoprotective autophagy counteracting a tumor-promoting role to function as an anti-cancer drug. Autophagy is often considered as an alternative source of nutrition for cancer cells survival when they are under limited growth supply. Thus, we examined autophagy markers, such as the LC3B modification and p62/SQSTM1 degradation under NASTRp treatment in human NSCLC cells. Of note, p62 is a key molecule managing autophagic clearance of polyubiquitinated proteins through directly binding to LC3 in autophagosomes \[[@pone.0122628.ref027]\]. Defect of autophagy causes accumulation of p62, ubiquitin conjugating protein aggregates and damaged organelles particularly mitochondria \[[@pone.0122628.ref028], [@pone.0122628.ref029]\].

We found that in all cell lines examined, p62 dramatically accumulated as a consequence of NASTRp treatment in a dose-dependent manner ([Fig 4A](#pone.0122628.g004){ref-type="fig"}). While other critical autophagy related proteins including ATG7 and ATG5-12 conjugation levels were significantly decreased following NASTRp treatment, indicating a suppressive effect of NASTRp on autophagy ([Fig 4A](#pone.0122628.g004){ref-type="fig"}). Furthermore, NASTRp blocked the basal autophagy flux as shown by no change of LC3B modification or p62 degradation in the presence of bafilomycin A1 (a V-ATPase inhibitor), which blocks the late steps of autophagy ([Fig 4B](#pone.0122628.g004){ref-type="fig"}).

![NASTRp suppresses tumor-promoting autophagy in human cancer cells.\
**(A)** Cells were treated with various concentrations of NASTRp in RPMI-1640 media supplemented with 5% FBS for 24 hours. Cell lysates were subjected to western blot assay with the indicated antibodies. **(B)** Inhibition of autophagy flux by NASTRp. NCI-H441 cells were treated with 20 μM NASTRp in the presence or absence of bafilomycin A1 (100 nM) for 24 hours. Cell lysates were subjected to SDS-PAGE/Western blot analysis using the indicated antibodies. **(C)** Accumulation of p62 aggregates by NASTRp. A549 cells were treated with 20 μM NASTRp for 24 hours. Treated cells were followed the immunofluorescence staining with anti-p62 antibody. Scale bar: 10 μm. **(D)** Potential clinical benefit of NASTRp in lung adenocarcinoma patients. Kaplan-Meier survival curves for human lung adenocarcinoma datasets, which compare the overall survival between tumors with high levels (red) or low levels (black) of ATG7 (left panel), ATG5 (middle panel) and p62/SQSTM1 (right panel) gene expression from Kaplan-Meier Plotter tool. Log-rank *P* values are shown.](pone.0122628.g004){#pone.0122628.g004}

The accumulation of p62 was further confirmed cells using immunofluorescence in A549. Consistent with the immunobloting result, p62 aggregates (\>2--4 μm) significantly increased in the cytosol following NASTRp treatment compared to vehicle ([Fig 4C](#pone.0122628.g004){ref-type="fig"}). These results are in line with the hypothesis that NASTRp can suppress the tumor-promoting/cytoprotective autophagy, at least in part, through ATG7 down-regulation and blocking autophagy flux as shown by accumulation of LC3B-II and p62.

Since the correlation between patient survival in lung adenocarcinoma and the expressions of autophagy proteins, such as ATG7, ATG5 or p62 have not yet been reported, we next conducted a survival analysis of lung adenocarcinoma patients scored for *ATG7*, *ATG5* or *p62* mRNA expressions using public databases. In the *ATG7*-related database (ID: 218673_s\_at), there are 242 (49.8%) cases for high *ATG7* expression and 244 (50.2%) cases for low *ATG7* expression. The Kaplan-Meier survival analysis shows that patients harboring low *ATG7* expression had a significantly improved survival compared with the ones with high *ATG7* expression ([Fig 4D](#pone.0122628.g004){ref-type="fig"}, top, *P* = 2.7e-06). The patients with low *ATG5* expression had better survival consistent with the *ATG7* cases ([Fig 4D](#pone.0122628.g004){ref-type="fig"}, middle, *P* = 1.1e-08). In contrast, the patients with high expression of *p62* had significantly better survival outcome compared with the patients with low *p62* expression ([Fig 4D](#pone.0122628.g004){ref-type="fig"}, bottom, *P* = 9.7e-07).

It has been reported that defective autophagy through down-regulated ATG7 resulted in elevated ER stress in metabolic liver disease \[[@pone.0122628.ref030]\]. Given the suppression of ATG7 by NASTRp, we further examined expression of ER stress markers, such as GRP78, CHOP, IRE1, PERK, ATF6 and XBP1, to determine whether NASTRp induces ER stress in lung cancer cells. As shown in [Fig 5A](#pone.0122628.g005){ref-type="fig"}, NASTRp induced ER stress and activated unfolded protein response (UPR), demonstrated by the up-regulation of GRP78 \[[@pone.0122628.ref031]\] and CHOP. In addition, the expression levels of other genes related to ER stress, such as IRE1, ATF6, PERK and XBP1 also increased following NASTRp treatment in human cancer cells ([Fig 5A](#pone.0122628.g005){ref-type="fig"}). We confirmed that NASTRp up-regulated the level of GRP78 and CHOP proteins in a time and dose-dependent manners ([Fig 5A and 5B](#pone.0122628.g005){ref-type="fig"}) and observed a dramatic increase of CHOP expression in the nucleus ([Fig 5C](#pone.0122628.g005){ref-type="fig"}). The ER stress became insurmountable in the presence of NASTRp and led to cell death as shown by increased cleaved caspase-3, Bim expression and TUNEL-positive dots ([Fig 5B and 5D](#pone.0122628.g005){ref-type="fig"}).

![NASTRp induces ER stress and eventually leads to cell death with Bim up-regulation.\
**(A)** qRT-PCR analysis of biomarkers of ER stress/UPR related genes in NCI-H441 treated with 20 μM NASTRp in time course manner. **(B)** NASTRp induced ER stress and activated UPR led to apoptosis with Bim induction in NSCLC cell lines. Cells were treated with the indicated concentrations of NASTRp for 24 hours and cell lysates were subjected to SDS-PAGE/Western blot analysis using the indicated antibodies. **(C)** Upregulation of CHOP by NASTRp. NCI-H441 cells were treated with 20 NASTRp for 0--24 hours. At the indicated time points, cells were fixed and subjected to immunofluorescence assay with anti-CHOP antibody. Cell images were microphotographed using fluorescence microscopy at 60X magnification. Scale bars: white; 10 μm. **(D)** TUNEL-positive cells in NASTRp-treated (for 48 hours) A549 cells were counted and analyzed as relative % of TUNEL-positive cells. \**P* \< 0.05 versus vehicle.](pone.0122628.g005){#pone.0122628.g005}

We then evaluated the on-target effect of NASTRp using normal human tracheobronchial epithelial (NHTBE) cells in two-dimensional (regular tissue culture condition) and three-dimentsional organotypic (air-liquid interface culture condition; ALI) culture systems \[[@pone.0122628.ref005], [@pone.0122628.ref017]--[@pone.0122628.ref019]\]. Although there was minor killing effect of NASTRp on NHTBE cells, cell viability was not decreased lower than 50%, even 20 μM of NASTRp treatment ([Fig 6A and 6B](#pone.0122628.g006){ref-type="fig"}). Whereas p62 was accumulated in lung cancer cells, p62 in NHTBE cells was unchangeable following NASTRp treatment ([Fig 6C](#pone.0122628.g006){ref-type="fig"}). These data indicate that NASTRp may specifically target into cancer cell rather than normal cell, especially within therapeutic window ranges. Taken together, these results suggest that NASTRp suppresses the tumor-promoting role of autophagy through ATG7 down-regulation and p62 accumulation, induces ER stress with activation of UPR, and eventually leads to cell death in human NSCLC cells ([Fig 6D](#pone.0122628.g006){ref-type="fig"}).

![NASTRp targets cancer cell rather than normal epithelial cells.\
**(A)** Cell viability assay in response to NASTRp of NHTBE cells. **(B)** NHTBE cells which were cultured in 3D organotypic air-liquid interface (ALI) system under NASTRp treatment. NHTBE cells were treated with 10 μM NASTRp for 96 hours. Representative pictures were obtained using phase-contrast light microscopy. **(C)** Unchanged p62 level in NASTRp-treated NHTBE cell. NHTBE cells were treated with the indicated doses of NASTRp for 24 hours. Cell lysates were subjected to western blotting using anti-p62 antibody. **(D)** Schematic model of anti-cancer effects of NASTRp. NASTRp targeting the transcription factor complex, CREB-CBP leads to cell cycle arrest by down-regulating CREB target genes, including cell cycle related genes. Further NASTRp suppresses tumor-promoting autophagy concomitant with induction of ER stress. NASTRp finally triggers cell death in the lung tumor.](pone.0122628.g006){#pone.0122628.g006}

Discussion {#sec016}
==========

Since CREB is constitutively overexpressed and hyperphosphorylated in human lung cancer tissues and cells and considered as a critical transcription factor in cancer pathogenesis \[[@pone.0122628.ref009]--[@pone.0122628.ref012]\], we identified several small molecule inhibitors of the CREB-CBP transcription factor/co-activator that target the binding domain KIX of CBP and prevent the formation of a complex with the KID domain of CREB. We further demonstrated the effect of these inhibitors, but in particular, NASTRp in lung cancer cell lines. Our study highlights the anti-tumor effect of the transcription factors CREB-CBP inhibitor, NASTRp, in *in vitro*, through regulation of cell cycle, tumor-promoting autophagy, ER stress and cell death ([Fig 6D](#pone.0122628.g006){ref-type="fig"}). Moreover, these effects of NASTRp may specifically target cancer cell, rather than normal cell, in particular, therapeutic window. We provide evidence that the CREB-CBP complex may be a potential therapeutic target in human cancers and its inhibitors may be an alternate treatment option for lung cancer patients and potentially other tumor types, including pancreatic and breast cancers.

NASTRp is modified from naphthol analog, KG-501, which was originally identified by Montminy group \[[@pone.0122628.ref016]\]. Consistent with KG-501 docking model, NASTRp showed the localization to Arg-600 which is a critical residue for CREB-CBP interaction. Moreover, NASTRp completely abolished the association between KIX(CBP) and KID in the cells. Thus, we expect that NASTRp can inhibit CREB transcriptional activity with disruption of the CREB-CBP interaction through integrating into the grooves adjacent to Arg-600 the KIX domain of CBP, as shown [S1A and S1B Fig](#pone.0122628.s001){ref-type="supplementary-material"}.

CBP and its homolog p300 are transcription co-activators possessing multiple domains and histone acetyl transferase activity that collectively mediate transcriptional activity of over 100 transcription factors involved in cell growth and development. Through their interactions to transcription factors, CBP and p300 induce or stabilize the transcription factors to sustain their activities as oncogenic factors. In this regard, NASTRp can not only regulate the transcriptional regulation of CREB, but also other CBP/p300-interacting transcription factors and as such act as a broad anti-cancer agent, by regulating processes such as cell cycle progression, autophagy, ER stress and cell death.

Autophagy is a highly orchestrated intracellular degradation process that is not only regulated at basal levels in most tissues as routine turnover of cytoplasmic components, but also by various environmental stresses \[[@pone.0122628.ref032]\]. Thus, recent studies have pointed to dysfunction of autophagy as a novel hallmark of cancer that is central to the pathogenesis of human malignancy \[[@pone.0122628.ref033]\]. Context dependent, autophagy can both suppress cancer initiation and provide a survival advantage for established cancers. Many cancer cells with mutant *RAS* are highly dependent on autophagy for survival under basal, and especially stress conditions \[[@pone.0122628.ref034]\]. It is interesting that NASTRp also regulates tumor-promoting role of autophagy which supports cancer cell survival under limited growth supply in tumor mass. Emerging evidences including our finding suggest that blocking of autophagy may be a valuable therapeutic approach for autophagy-addicted aggressive cancers \[[@pone.0122628.ref034], [@pone.0122628.ref035]\]. NASTRp suppresses not only ATG7 and ATG5-12 levels, but also blocks autophagic flux as shown by LC3B-II and p62 accumulation ([Fig 4A--4C](#pone.0122628.g004){ref-type="fig"}). Recent studies showed that deficiency of *Atg7* in *Kras*-driven lung cancer mouse models display suppressed lung tumor growth and prolonged survival, consistent with our finding \[[@pone.0122628.ref035]\]. Thus, we predicted that blockage of autophagy may be critical for therapeutic efficacy and data correlating ATG7 expression with survival support this ([Fig 4D](#pone.0122628.g004){ref-type="fig"}). Our results suggest that NASTRp may be a novel cancer therapy by inhibiting cell cycle as well as autophagy that will provide benefits for lung cancer treatment in advanced and/or KRAS mutant lung cancers. Future work will be required to address the molecular mechanism by which NASTRp suppresses autophagy or related molecules such as ATG7, ATG5 and p62 in lung cancers.

In particular, cancer cells frequently display elevated ER stress and defective autophagy leads to cells being vulnerable to ER stress, further insurmountable ER stress causes cell death \[[@pone.0122628.ref030], [@pone.0122628.ref036]\]. Interestingly, we found that NASTRp also induces up-regulations of ER stress-responded proteins, such as GRP78/Bip and CHOP/GADD153 concomitant with suppression of autophagy, further consequence NASTRp causes cell death with Bim induction ([Fig 5A--5C](#pone.0122628.g005){ref-type="fig"}). Although the molecular mechanism has not been yet elucidated, it is noteworthy that transcriptional regulation of CREB plays a functional role in mediating the multiple effects of NASTRp. However, the possibility remains that other, yet unknown and CREB-independent mechanisms may be involved in CBP/p300's role in tumorigenesis. Future studies are warranted to fully understand the anti-tumor effect of NASTRp in lung cancers.

Although the high IC50 of NASTRp would be concerned as off-target or non-specific effects, we observed that NASTRp without phosphate group (NASTR) showed \~3 fold more potent anti-tumorigenic effects as shown much lower IC50 (\~1--7 μM), but the solubility was poor (data not shown). Thus, we speculate that high IC50 of NASTRp might be due to phosphate group in the structure which is required to improvement of solubility; this is considered to be important, especially for *in vivo* study. It will be worthwhile to test the anti-cancer efficacy of NASTRp in *in vivo* mouse model, along with the improvement of solubility as well as potency and delivery methods in the future.

We conclude that a small-molecule inhibitor, NASTRp targeting the CREB-CBP transcription complex is a novel, potent anti-cancer agent showing multiple effects on critical pathways in cancer cell biology. Our data have suggested a new class of targeted therapies in cancer, which extend activity to the KRAS and p53 mutants segment that is presently not well served. These observations would also suggest as a potential therapeutic strategy for the patients who harbor overexpressed CREB and/or other oncogenic mutations that activate CREB in human cancers, especially lung cancer.

Supporting Information {#sec017}
======================

###### NASTRp binds to KIX domain of CBP to interrupt the interaction between CREB and CBP.

**(A)** Docking calculation of NASTRp into KIX domain of CBP. Five out of ten top docking calculations show NASTRp close to a binding pocket near Arg-600 of KIX that consists with NMR observations. The figures were generated by Chimera 1.8 \[[@pone.0122628.ref037]\]. **(B)** Disruption of KIX-KID complex by NASTRp. HEK293T cells were co-transfected with HA-KIX and Myc-KID. 48 hours after transfection, cells were pre-treated with 20 or 40 μM NASTRp for 3 hours, followed addition of 10 μM forskolin for additional 1 hour. Cell lysates were subjected to immunoprecipitation assay and western blotting. **(C)** Flag-CREB stably expressing 293T cells were transfected with HA-KIX, followed treatment with NASTRp and/or forskolin. Cell lysates were subjected to immunoprecipitation assay using anti-Phospho-CREB (S133) antibody.

(TIF)

###### 

Click here for additional data file.

###### The inhibitory effect of cell growth by NASTRp under low serum condition in human lung cancer cell lines.

Cells were seeded and followed incubation with medium supplemented with 2% FBS for 2, 4 and 6 days. At the indicated times, cells were stained with crystal violet and then extracted with 10% acetic acid followed measurement of absorbance at 490 nm. Experiment were triplicated and independently repeated three times. The Data present mean ± SD for triplicate in three independent experiments. \**P*\<0.05.

(TIF)

###### 

Click here for additional data file.

###### The inhibitory effect of colony formation by NASTRp in human cancer cell lines.

Representative pictures of each group were shown. Experiment were triplicated and independently repeated three times.

(TIF)

###### 

Click here for additional data file.

###### NASTRp also suppresses cell proliferation and colony formation of pancreatic and breast cancer cells.

\(A\) Pancreatic cancer cells (SU.86.86, PANC-1, AsPC-1) and (B) breast cancer cells (SKBR3, MDA-MB-231, MCF-7) were plated into 96-well plates at 2000 cells/well in 100 μl medium supplemented with 10% FBS and treated with 0--80 μM of NASTR for 96 hours. The treated cells were assayed for cell proliferation using CellTiter-Glo cell viability kit (Promega). The Data present mean ± SD for triplicate in three independent experiments. (C) Representative images of colony formation assay in the absence or presence of NASTR in pancreatic and breast cancer cells.

(TIF)

###### 

Click here for additional data file.
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